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responses to other disturbances,
and discover the
neurophysiological basis for the
control.
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Steps to Fusion
Membrane fusion involves the action of members of the SNARE protein
family as well as Sec1/Munc18 (SM) proteins, which have been found
to interact with SNAREs in three distinct ways. Recent work has
established that Munc18-1 directly stimulates fusion and possibly uses
all three modes of SNARE interaction.Robert D. Burgoyne1
and Alan Morgan2
Membrane fusion is required
during intracellular trafficking
to allow vesicles to merge with
their target membrane. The
accumulation of considerable data
over the past decade has firmly
established the principle that all
intracellular membrane fusion
events in the exocytotic and
endocytotic pathways use
members of the same
evolutionarily conserved protein
families. One of these groups of
proteins is the SNARE family,
which comprises vesicular (v-) and
target (t-) SNARE isoforms [1].
These proteins have crucial roles
in membrane trafficking and it is
believed that the assembly of
v- and t-SNAREs into a complex is
capable of driving membrane
fusion [1]. It is clear, however, that
additional proteins are required to
improve the specificity of
SNARE-mediated fusion, to
provide regulatory control and, in
the case of neurotransmitter
release, to dramatically increase
the kinetics of the process.
Members of the Sec1/Munc18-like
(SM) family of proteins function in
all SNARE-mediated fusionevents, but their exact roles have
not been clear.
A full understanding of the action
of SM proteins has been
complicated by biochemical and
structural studies suggesting that
different SNARE–SM combinations
have different modes of
interaction. Also, one of the most
well-studied SM proteins is the
neuronal exocytotic protein
Munc18-1, which, perhaps
surprisingly, binds very tightly to
a closed conformation of syntaxin
that precludes its involvement in
fusion [2]: Munc18-1 should,
therefore, inhibit fusion, yet it is
actually required for
neurotransmitter release in vivo
[3]. In addition, there has been
considerable debate about
whether Munc18-1 is involved only
in secretory-vesicle docking at the
target membrane [4] or additionally
in fusion itself [5].
Recent findings now reveal new
modes of interaction of Munc18-1
with the assembled SNARE
complex [6–8] that are consistent
with interactions seen between
other SM family members and
SNARE proteins and, importantly,
these studies have also shown that
the Munc18-1–SNARE interaction
stimulates the rate of fusion in anin vitro model system [6]. These
new findings go some way towards
resolving the apparent lack of
conservation in the mode of action
of SM proteins and provide new
mechanistic insights into a role for
Munc18-1 in enhancing the kinetics
and specificity of membrane
fusion. Genetic studies have
established that each step of
SNARE-dependent trafficking has
an associated SM protein [9]. Our
understanding of SM protein
function has been hampered,
however, by the discovery of three
distinct modes of direct interaction
with SNARE proteins, two of which
have been characterised
structurally (Figure 1). The Mode 1
interaction has been observed only
with Munc18-1 and involves a tight
interaction with monomeric
syntaxin1 in its so-called ‘closed’
conformation [2,10], preventing
transition of syntaxin1 into its
‘open’ conformation, which is
required for binding to other
SNAREs. This mode of interaction
has been studied using a mutant of
syntaxin1 that is constitutively in
the open conformation and shows
dramatically reduced binding to
Munc18-1 in vitro [10]. The Mode 2
interaction has been described for
the yeast proteins Sly1p and
Vps45p [11,12] and involves
binding to the extreme amino
terminus of their appropriate
syntaxins (Figure 1) but does not
prevent assembly of the syntaxins
into the SNARE complex.
Mutations in Sly1p [13] or Vps45p
[14] that prevent this interaction do
not abolish Sly1p or Vps45p
function in yeast, indicating that
Mode 2 interactions may have
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Figure 1. Structures of SM proteins and syntaxins and modes of SM–syntaxin inter-
actions.
(A) Crystal structures are shown for the Munc18-1–syntaxin 1A complex (PDB 1DN1)
and a complex between Sly1p and the amino-terminal first 21 residues of Sed5p
(PDB 1MQS). Also shown underneath are the structure of the closed syntaxin 1A
molecule taken from the Munc18-1–syntaxin 1A complex and a schematic of the
open syntaxin 1A molecule based on the structure of the amino-terminal domain of
syntaxin 1A (PDB 1BR0) and the core SNARE complex (PDB 1SFC). The structure of
the loop connecting the amino- and carboxy-terminal domains of syntaxin 1A is
unknown and is shown as a broken line. In all of the figures, the syntaxin is shown
in yellow. (B) Schematic representation of the three known modes of binding between
SM proteins and syntaxins (see text for details).a facilitatory but not an essential
role. Mode 3 has been described
only for yeast Sec1 and involves its
binding to assembled complexes
of the t-SNAREs and more strongly
to the full SNARE complex, but not
to its monomeric syntaxin [15,16].
This mode of binding has not been
characterised in detail. It would be
surprising if the different SM
proteins each used distinct
modes of interaction and in fact ithas been suggested that Vps45p
may use at least two modes of
binding [14].
It has not been clear why
conserved members of the same
protein family would show such
distinct protein–protein
interactions with a common
interacting family. An added
complication is that the Mode 1
interaction seen for Munc18-1
would seem to make Munc18-1 aninhibitor of fusion and yet we know
from knock-out studies that
Munc18-1 and its orthologues are
required for neurotransmitter
release. To try to reconcile this
apparent contradiction, theMode 1
interaction has been suggested to
allow Munc18-1 to act as
a chaperone for syntaxin 1 to
promote its transport to the cell
surface or prevent its degradation.
The interaction with closed
syntaxin also cannot wholly
account for Munc18-1 function as
expression of a constitutively
open form of syntaxin (UNC64)
in C. elegans supports
neurotransmitter release, which
requires UNC18 [17]. Syntaxin 1 is
present in cells at higher levels than
Munc18-1, and it is possible,
therefore, that the Mode 1
interaction is a dead-end complex
or a mechanism to sequester and
inactivate Munc18-1. Some
mutations in Munc18-1 that
disrupt the Mode 1 binding to
syntaxin1 lead to increased
neurotransmission [18] and affect
late stages in membrane fusion
during exocytosis [5]. Significantly,
flies expressing these mutations in
the Munc18-1 orthologue ROP
have impaired viability [18],
suggesting that the Mode 1
interaction has a positive role and
might perhaps be involved in
Munc18-1-mediated vesicle
docking.
SNARE-mediated fusion has
been reconstituted in vitro by
mixing proteoliposomes
containing either v- or t-SNAREs
[1]. In this assay, using the yeast
exocytotic SNAREs, it was found
that Sec1 stimulated the rate of
membrane fusion [16]. This would
be consistent with Mode 3 binding
by Sec1 and an action on the
SNARE complex. Recent work has
now examined the effect of
Munc18-1 on in vitro fusion
mediated by the neuronal
exocytotic SNAREs [6]. When
added to a mixture containing free
v- and t-SNARE liposomes,
Munc18-1 had no effect. In
contrast, when the liposomes had
been pre-incubated at 4C for
3 hours to allow pre-assembly of
the SNARE complex and docking
of the liposomes, addition of
Munc18-1 then stimulated the
rate of fusion up to 20-fold after
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observations made for yeast
exocytotic proteins [16] point to
a similar mode of action in yeast.
The stimulation by Munc18-1 was
only observed for fusion mediated
by the appropriate exocytotic
SNARES (syntaxin1, SNAP-25 and
VAMP2), revealing mechanistic
insights into the overall specificity
of membrane fusion. The authors
were able to show that this
stimulation required pre-assembly
of a SNARE complex but did not
require Mode 1 binding of
Munc18-1 to syntaxin, because
Munc18-1 still stimulated fusion in
an assay using the open mutant of
syntaxin1, which binds poorly to
Munc18-1 in vitro.
Significantly, the stimulation of
fusion by Munc18-1 was abolished
when a mutation was introduced
into the amino terminus of syntaxin
1 in a conserved residue at position
8, suggesting that the stimulation
of fusion required a Mode 2
interaction. Shen et al. [6] were able
to demonstrate binding of
Munc18-1 to assembled SNARE
complexes, and, consistent with
the fusion data, this interaction was
abolished by the L8A mutation but
not the openmutation in syntaxin 1.
Other recent work has also
identified the existence of Mode 1
and Mode 2 interactions of
Munc18-1 with syntaxin 1 and has
shown that these interactions can
occur both in vitro and also in living
cells [7,8]. It is unclear what was
different about the binding assay
conditions used in the recent
papers that allowed the authors
to discover this interaction of
Munc18-1 with the assembled
SNARE complex when so many
previous attempts by other labs
had failed. Nevertheless, the
new results are in agreement with
the finding that Munc18-1 can
assemble with SNARE complexes
on native membranes [19].
Intriguingly, evidence from the
minimal fusion assay suggested
the existence and functional
significance of a third type of
interaction [6]. Munc18-1-
stimulated fusion, but not basal
fusion, was reduced by mutations
in VAMP2 residues that would be
on the surface of the SNARE
complex. This suggests that
a functionally important interactionmust occur betweenMunc18-1 and
the SNARE complex that is distinct
from the Mode 2 interaction and
potentially similar to the Mode 3
interaction seen with Sec1.
The Mode 3 interaction was
independently demonstrated, but
the initial attempt to characterise
this interaction at a structural level
did not allow identification of the
specific residues involved [8].
There has been debate in the
literature as to whether SM
proteins act solely in vesicle
docking or additionally in late
stages of membrane fusion.
Analysis of neuroendocrine cells
derived from Munc18-1 knock-out
mice has indicated a defect in
secretory granule docking [4],
although this was not observed for
synaptic vesicles in brain synapses
[3]. This early defect would,
however, mask any additional later
roles for Munc18-1 that have been
suggested from other studies [5].
Analysis of Munc18-1 mutants
had previously suggested that
Munc18-1 has both early and late
roles in fusion and that these may
be independent of the Mode 1
interaction with syntaxin [20].
The new findings support a role
for Munc18-1 in late stages
accelerating membrane fusion.
There are a number of
unanswered issues regarding the
exact nature of the newly
discovered interactions made by
Munc18-1. Does the interaction
with the amino terminus of syntaxin
1 match the structurally
characterised Mode 2 interaction
of Sly1p and Vps45pwith syntaxins
Sed5p and Tlg2p, respectively?
What is the structural basis of the
functionally important interaction
of Munc18-1 with the SNARE
complex? Do all of the SM proteins
undergo all three interaction
modes? Are there any other
functionally important modes of
interaction? Finally, what is the
significance of the distinct
interaction modes for the steps of
docking and fusion in vivo? Mode 1
binding has only been observed so
far for Munc18-1 but, if we assume
that SM proteins can indulge in all
three modes of SNARE interaction,
then we can imagine involvement
of SM proteins in three steps
leading to membrane fusion: first,
vesicle docking at the targetmembrane stimulated by the SM
protein in its Mode 1 interaction
with syntaxin; second, regulated
dissociation of the SM protein and
formation of the Mode 2 interaction
with the amino terminus of syntaxin
to target the SM protein to sites of
membrane fusion; third, formation
of the Mode 3 interaction of the SM
protein with the SNARE complex to
potentially facilitate SNARE
complex assembly and allow
acceleration of SNARE-dependent
fusion. It is clear that more work
needs to be done, particularly in the
structural characterisation of Mode
3 binding, but the new findings
have provided important clues that
will drive the field forward towards
a fuller understanding of SM
protein function in membrane
fusion.
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